A myriad of gene induction events underlie nerve growth factor (NGF)-induced differentiation of PC12 cells. To dissect the signal transduction pathways which lead to NGF actions, we have assessed the relative roles of NGF receptor, Src, Ras, and Raf activities in mediating specific gene inductions. We have used the PC12 cell line as well as sublines which inducibly express activated forms of either Src, Ras, or (33, 46, 54, 60) . The rat pheochromocytoma cell line PC12 responds to NGF treatment with the elaboration of a sympathetic neuron-like phenotype, including the extension of neuritic processes, cessation of cell division, the acquisition of a sodium-based action potential mechanism, and the expression of genes encoding neuronal cell-specific proteins (reviewed in reference 19). This cell line has proven to be a useful model system for studying the molecular basis of both short-and long-term NGF actions, elicited from the binding of NGF to its receptor (16).
Nerve growth factor (NGF) is required for the survival and development of multiple neuronal populations in both the central and peripheral nervous systems (32) . NGF also has profound influences on the phenotypic characteristics of both embryonic and adult neurons in vivo and in vitro (33, 46, 54, 60) . The rat pheochromocytoma cell line PC12 responds to NGF treatment with the elaboration of a sympathetic neuron-like phenotype, including the extension of neuritic processes, cessation of cell division, the acquisition of a sodium-based action potential mechanism, and the expression of genes encoding neuronal cell-specific proteins (reviewed in reference 19) . This cell line has proven to be a useful model system for studying the molecular basis of both short-and long-term NGF actions, elicited from the binding of NGF to its receptor (16) .
NGF treatment of PC12 cells activates the intrinsic tyrosine kinase activity of the proto-oncogene product Trk, an essential component of the high-affinity NGF receptor (21, 25, 28) , resulting in the tyrosine phosphorylation of multiple proteins both directly and indirectly (27, 35, 50, (55) (56) (57) 59 ). NGF action subsequently involves a host of serine/threonine kinase activities which result in both rapid and long-term effects involving also transcriptional activation of multiple genes (reviewed in reference 19 ). The intermediary biochemical events that link NGF receptor activation to neuronal phenotypic changes are beginning to be elucidated. At least three additional proto-oncogene products, the tyrosine kinase Src, the GTP-binding protein Ras, and the serine/ threonine kinase Raf, appear to underlie growth factor signal transduction leading to neurite outgrowth. For (18, 30, 53) . These approaches, combined with oncogene expression in PC12 cells, demonstrate that Src and Ras act in sequence to mediate neurite growth, with Src acting first (30) . NGF causes the hyperphosphorylation of two Raf protein kinases, Raf-1 and B-Raf (43, 59) , and activation of B-Raf (43) . Raf-1 hyperphosphorylation was mimicked by expression of the Ras oncoprotein and was blocked by the expression of a dominant inhibitory form of Ras in PC12 cells (59) , suggesting that a Raf kinase acts downstream of Ras in the NGF signal transduction cascade. A similar sequence of Src, Ras, and Raf activities has been implicated in the signal transduction of mitogenic stimuli (29, 49) .
In the studies cited above, neurite outgrowth was a primary determinant used to assess the role of proto-oncoproteins in NGF signal transduction. In this study, we examined the role played by Trk, Src, Ras, and Raf activities in inducing the expression of a variety of genes activated at different times after NGF treatment. Using PC12 sublines expressing activated, oncogenic forms of Src, Ras, or Raf or expressing a dominant inhibitory form of Ras, we can now identify several classes of gene inductions that indicate branchpoints in the NGF signal transduction pathway to gene expression. From these data, we derive a model which suggests parallel processing from each of the proto-oncogene components.
MATERUILS AND METHODS
Cell culture. PC12 (15) and PC12-derived transfectant lines were grown on tissue culture dishes in Dulbecco's modified Eagle's medium (GIBCO) supplemented with 10% donor horse serum (JRH Biosciences) and 5% fetal calf serum (JRH Biosciences) in an atmosphere of 10% CO2. All cell lines except ts:v-src3 were maintained at 37°C. The ts:v-src3 line was maintained at the partially permissive temperature of 39.5°C and shifted to the nonpermissive temperature of 41°C 1 day prior to the shift to the permissive temperature of 35°C (see below). NGF, purified from mouse submaxillary glands (40) , was added to the culture medium at final concentrations of 50 to 100 ng/ml. Dexamethasone (Sigma) was dissolved in dimethyl sulfoxide and diluted to 0.5 to 1 ,uM so that the final content of dimethyl sulfoxide in the culture medium did not exceed 0.1%. [a-32P]UTP (800 mCi/mmol) was obtained from NEN.
Generation of plasmids and PC12 sublines. The isolation and characterization of the ts:v-src3 and IC4-raf cell lines are described elsewhere (56, 58) . Oncogenic Src protein (temperature-sensitive Src mutant NY72-4) in ts:v-src3 cells was activated by shifting the cells from the nonpermissive temperature of 41°C to the permissive temperature of 35°C by replacing the medium and transferring the cells to a 35°C incubator. Expression of oncogenic Raf-1 in IC4-raf cells was induced from a transfected gene containing Raf-1 cDNA placed under the control of the mouse mammary tumor virus (MMTV) promoter by addition of 0.5 ,uM dexamethasone to the culture medium.
GSrasl (30) and GSras2 cell lines were derived from PC12 cells following cotransfection with plasmids pMJC25 (a gift from M. Corbley and T. Roberts) and pRSV-neo (14) . Plasmid pMJC25 encodes the oncogenic variant of Ras, p21l"1 (10) , under the control of the dexamethasone-inducible MMTV promoter. The transfection was carried out by electroporation, using a Gene Pulser (Bio-Rad). Approximately 4 x 106 cells were electroporated in 0.4 ml of Dulbecco's modified Eagle's medium containing 18 ,ug of pMJC25 and 2 ,ug of pRSV-neo, using settings of 300 V and 500 ,uF. Two days after transfection, cells were incubated in selective medium containing 800 ,ug of geneticin (GIBCO) per ml. After approximately 3 weeks, neomycin-resistant clones were isolated and then screened for dexamethasoneinduced neurite outgrowth. Two such clones, GSrasl and GSras2, were chosen and further characterized by Northern (RNA) blot analysis (see Results).
GSrasDN6 (55) and GSrasDN13 (30) were isolated after cotransfection of PC12 cells with plasmids pMMrasDN and pRSV-neo (14) . Plasmid pMMrasDN encodes the dominant negative form of Ras, p2jN`7 Ras (13), under the control of the MMTV promoter. To create this plasmid, the BglIIBamHI fragment from pXCR Asnl7 (13) encoding p21N17 was cloned into the BamHI site of pMM42K (58) from which the raf insert had been excised. Transfection was carried out as described above, using 18 ,ug of pMMrasDN and 2 F.g of pRSV-neo. Neomycin-resistant clones were isolated as described above and screened on the basis of the ability of dexamethasone to inhibit NGF-induced neurite outgrowth. Two clones, GSrasDN6 and GSrasDN13, were chosen for this study and were further characterized by Northern blot analysis (see Results). The PC12 subline 17N-2, which expresses transfected p21N17 Ras under the control of the Moloney murine leukemia virus long terminal repeat, was isolated as previously described (47 (Fig. 2A) . The kinetics of NGFI-A mRNA induction paralleled expression of the MMTV ras oncogene (Fig. 1A) . Similar To determine whether c-Ras is required for NGF-stimulated expression of the NGFI-A gene, we examined the ability of NGF to stimulate NGFI-A mRNA production in two PC12 sublines, GSrasDN6 or GSrasDN13, which express the dominant negative Ras mutant p21N17 Ras under the control of the inducible MMTV promoter (see Materials and Methods). The p2lN17 Ras mutant binds GDP with an affinity higher than that for GTP and appears to compete with the endogenous p21 Ras for upstream activators, but it lacks the capacity to propagate the signal (12) . Maximal expression of dominant negative ras mRNA in clone GSrasDN6 was achieved after 7 h of 0.5 or 1 ,uM dexamethasone treatment and reached a level sixfold above that of the combined endogenous c-ras mRNAs (Fig. 1B) . Transfected mutant ras mRNA decreased to half-maximal levels by 26 h. The time course and dose response of dexamethasoneinduced ras expression in GSrasDN13 cells were similar to those for GSrasDN6 cells (not shown). In GSrasDN6, as in parental PC12 cells, NGF stimulated the production of NGFI-A RNA by over 100-fold within 1 h (Fig. 2B ). After treatment with dexamethasone, NGF stimulation of NGFI-A mRNA accumulation in GSrasDN6 cells was attenuated by 80% (Fig. 2B) . Similar results were obtained with GSrasDN13 cells (not shown). In contrast, dexamethasone treatment of parental PC12 cells did not significantly affect NGF-stimulated NGFI-A gene expression ( Fig. 2B) (53) .
The ability of NGF to stimulate accumulation of NGFI-A mRNA was also examined in another PC12 subline, 17N-2, which constitutively expresses the dominant negative p2lN17 UIa.miwmo II-..
-~~~~~~~~~~~4-C-l Is_oasa Om_L'toas endogenous ras mRNAs, an exogenous ras transcript encoding transfected p2lNl7 Ras (Fig. 1C) . The abundance of the mutant rasN17 transcript is at least twofold greater than that of the combined endogenous ras mRNAs, an amount sufficient to account for the competitive inhibition of c-Ras by the mutant Ras p21N17. The level of NGFI-A mRNA after NGF treatment of 17N-2 cells was less than 2% of that seen in PC12 cells (Fig. 2B ). This result cannot be attributed to a lower responsiveness of this PC12 subline to NGF, since other NGF induction events (see below) are normal. Taken together, these data indicate that NGFI-A induction by NGF is largely dependent on c-Ras activity.
Genes induced by NGF are characterized by distinct time dependencies. In contrast to immediate-early genes like NGFI-A, which are rapidly and transiently induced even in the absence of protein synthesis, another class of gene induction event occurs over a longer time course and requires protein synthesis. Transin (stromelysin), an example of a late-response gene, is robustly induced by NGF in PC12 cells (34) . In contrast to the originally reported peak time of induction of 24 h (34), we have found that NGF treatment causes a peak of transin induction after 5 h, tapering off to a lower level of induction within 24 h, in agreement with a recent report (22) . We have reported that transin mRNA is dramatically induced upon expression of the activated Raf oncoprotein (58) . To determine whether transin, like NGFI-A, is induced by activated Src, we used a PC12 subline, ts:v-src3, which constitutively expresses a transfected temperature-sensitive mutant of v-src (NY72-4 [56] ). In uninduced ts:v-src3 cells, as in parental PC12 cells, basal expression of transin mRNA was undetectable. Activation of the temperature-sensitive v-Src kinase by shifting ts:vsrc3 cells from the nonpermissive temperature (41°C) to the permissive temperature (35°C) resulted in a large increase in transin mRNA levels (Fig. 3A) . This increase was analogous to that seen by NGF treatment of parental PC12 cells. The transin transcript was first detectable after 6 h of v-Src activation and peaked after approximately 24 h. Induction of the MMTV-ras oncogene also resulted in a large induction of transin mRNA levels (Fig. 3B) . The transin transcript, undetectable in untreated GSrasl cells, began to accumulate after 9 h of dexamethasone treatment, reaching a maximal level by 24 h. Similar results were obtained with GSras2 cells (not shown). This stimulatory effect can be attributed to the activity of the Ras oncoprotein because dexamethasone treatment does not induce transin expression in PC12 cells (34) . The extent of induction by oncogenic Ras was comparable to that obtained by NGF treatment of PC12 cells (Fig.  3C) . To investigate the possibility that c-Ras is required for NGF induction of transin gene expression, we measured the level of NGF-induced transin mRNA in 17N-2 cells, which constitutively express the dominant negative mutant p2lN17 Ras. As shown in Fig. 3C , the level of transin mRNA in NGF-treated 17N-2 cells was only 2% of that seen in parental PC12 cells, indicating that c-Ras is required for NGF-induced transin gene expression. This result could not be verified in the subclones inducibly expressing p2lN17 because of the strong inhibitory effect of dexamethasone on NGF-induced transin expression (34; data not shown); however, it is consistent with a previous study in which a different PC12 subclone overexpressing p2lNl7 Ras was used (53) .
The VGF gene (also known as a2 and NGF33.1) was identified on the basis of NGF inducibility in PC12 cells. NGF treatment increased the level of VGF mRNA in PC12 cells by approximately 20-fold, reaching a peak level within 5 to 6 h of continuous NGF treatment and then slowly declining thereafter (Fig. 4E) (31, 48) . Induction of this gene is partially dependent upon protein synthesis, a feature which distinguishes it from both immediate-early genes and late-response genes (3, 44) . To determine whether an activated Src tyrosine kinase was able to elicit VGF gene induction, we examined VGF mRNA levels at different times after activation of the temperature-sensitive v-Src kinase. In ts:v-src3 cells, shifted from growth at the nonpermissive (41°C) to the permissive temperature (35°C), VGF mRNA levels increased within 6 h and peaked at about sevenfold above baseline within 24 h (Fig. 4A) . However, the levels of VGF mRNA were higher basally, and the induction was of a lower magnitude and over a slower time course compared with NGF induction of VGF mRNA in parental PC12 cells. This finding may in part be attributed to the incomplete inactivation of the temperature-sensitive v-Src kinase activity at the nonpermissive temperature (56) .
To determine whether activated, oncogenic Ras could induce the VGF gene, VGF mRNA was examined in GSrasl cells. VGF mRNA accumulated with a time course which followed that of induction of oncogenic ras mRNA (compare Fig. 1A and 4B) ; the VGF gene was induced within 6 h of dexamethasone treatment, reaching a peak of 15-to 20-fold above baseline after about 1 day. Similar results were obtained with GSras2 cells (not shown). Because dexamethasone treatment of PC12 cells alone (not shown) or in combination with NGF (Fig. 4D) did not significantly increase VGF gene expression, the induction of this gene in GSrasl or GSras2 cells can be attributed to the activity of oncogenic Ras.
The possible induction of VGF mRNA by activated, oncogenic Raf kinase was examined in IC4-raf cells. Dexamethasone treatment of these cells has been shown to stimulate expression of the transfected MMTV-raf hybrid gene, with raf mRNA and protein levels peaking after 6 to 8 h (58). In IC4-rafcells, the increase in VGF mRNA levels by dexamethasone-induced oncogenic Raf was first observed within 8 h of treatment. VGF mRNA was induced robustly by activated Raf (20-fold) but over a longer time course compared with NGF. Raf-induced VGF mRNA reached a maximal level after about 4 days of dexamethasone treatment (Fig. 4C) .
The data presented above indicated that activated Src, Ras, and Raf oncoproteins are each sufficient to induce VGF mRNA in PC12 cells. To assess the requirement for c-Ras activity in mediating NGF induction of the VGF gene, we measured the ability of NGF to stimulate VGF mRNA production in the PC12 subclones GSrasDN6 and GSras DN13. After treatment of these cells with dexamethasone to induce p2jNl7 Ras, NGF-induced VGF expression was inhibited by about 60% (Fig. 4D and data not shown) . A similar dexamethasone treatment of parental PC12 cells did not significantly affect VGF induction by NGF (Fig. 4D) . In 17N-2 cells, which constitutively express the inhibitory Ras mutant p21Nl7, NGF treatment resulted in only a twofold induction of VGF mRNA levels, equivalent to approximately 10% of the NGF-induced level seen in PC12 cells (Fig. 4E) , further indicating that c-Ras is required for NGF induction of VGF gene expression.
Induction of the SCG1O gene reveals a branchpoint off Ras. Expression of the late-response gene SCG1O is induced by approximately fivefold after NGF treatment of PC12 cells for 24 h (Fig. SC) (51) . We have previously shown that activation of oncogenic Src in ts:v-src3 cells leads to increased SCG1O mRNA levels, with a time course very similar to that seen in response to NGF (56) . Expression of activated Ras in the GSrasl or GSras2 cells also resulted in an induction of SCG1O mRNA levels ( Fig. SA and data not shown) . Increased expression of SCG1O in GSrasl cells was first noticeable after 1 day of dexamethasone treatment and further increased to sixfold above baseline after 3 days, in spite of the half-maximal inhibition of SCG1O basal expression seen in PC12 cells in response to the steroid (51) . In contrast to Src and Ras, activated Raf expression after dexamethasone treatment of IC4-raf cells did not result in increased SCG1O expression. Analysis of the same IC4-raf samples which showed dramatically induced levels of VGF mRNA (Fig. 4C) did not indicate any increase in SCG1O mRNA levels (Fig. SB) , even though basal levels of SCG1O mRNA were similar to those seen in the parental PC12 cells (data not shown). Furthermore, NGF treatment of IC4-raf cells resulted in a normal induction of SCG1O (Fig. SB) , suggesting that the intracellular mechanisms required to elevate SCG1O expression in these cells were not disrupted. As with parental PC12 cells (51) , dexamethasone treatment of IC4-raf cells resulted in a reduction of SCG1O mRNA levels (Fig. 5B) .
To assess the requirement for c-Ras activity in mediating NGF induction of the SCG1O gene, we measured the ability of NGF to stimulate SCG1O mRNA accumulation in the PC12 sublines GSrasDN6, GSrasDN13, and 17N-2, which express p2lN17 Ras. Dexamethasone treatment of GSrasDN6 or GSrasDN13 cells, as in PC12 cells, resulted in a reduction of SCG1O mRNA to less than basal levels. However, in contrast to PC12, complete inhibition of NGFinduced SCG1O expression was observed in the dexamethasone-treated GSrasDN6 (Fig. SC) and GSrasDN13 (not shown) cells. In dexamethasone-treated PC12 cells, NGF induction of SCGlO mRNA was inhibited by only approximately 50% (Fig. SC) . Control and NGF-treated 17N-2 cells do not express any detectable SCGlO mRNA (Fig. SC) . This result is in agreement with similar findings in different PC12 sublines expressing dominant negative Ras (53) .
Induction of the Thy-i gene reveals a branchpoint off Src. Thy-1 is a late-response gene which is upregulated three-to fourfold within 24 h of NGF treatment (Fig. 6D) (11) . Activation of the v-Src tyrosine kinase by temperature downshift of the ts:v-src3 cells resulted in a 2.5-fold increase in Thy-1 mRNA levels by 12 h (Fig. 6A) . This induction, similar to that obtained by NGF, suggests that activation of the v-Src kinase mimics NGF in inducing expression of Thy-1. However, expression of either activated Ras or Raf failed to increase the level of Thy-1 mRNA. GSrasl, GSras2, and IC4-raf cells expressed normal basal levels of Thy-1 mRNA compared with PC12 cells, examined on a single Northern blot (not shown). Dexamethasone treatment of either GSrasl (Fig. 6B) , GSras2 (not shown), or IC4-raf (Fig.  6C ) cells did not increase Thy-1 expression, suggesting that activation of Ras or Raf alone is not sufficient to trigger this effect. NGF treatment did, however, result in a normal increase in Thy-1 expression in these cells ( Total RNA was isolated and subjected to Northern blot analysis as described in Materials and Methods. Samples were electrophoresed through 0.8% agarose gels. Blots were hybridized to riboprobes directed against sodium channel mRNAs (pRB211) and the internal control cyclophilin (cyclo; 1 kb). The positions of sodium channel type PN1 (11 kb) and type II/IIA (9.5 to 10.5 kb) are indicated. and PC12 cells. NGF caused a similar increase in Thy-1 mRNA levels in both PC12 cells and 17N-2 cells (Fig. 6D) , in sharp contrast to the other genes discussed above. NGF induction of sodium channel genes is not mediated by Src, Ras, or Raf activity. Treatment of PC12 cells with NGF increases the expression of two different sodium channel mRNAs, termed types PN1 and II/IIA (9, 36) . These mRNAs are differentially upregulated by NGF, with maximal mRNA levels (three-to fivefold) reached by 5 h and 1 day, respectively. These mRNAs can be detected with a probe which recognizes a sequence conserved in all known sodium channel mRNAs (7). Levels of sodium channel type PN1 mRNA were unaffected by either activation of the v-Src kinase in ts:v-src3 cells (Fig. 7A) , activated Ras expression in GSras2 cells (Fig. 7B) , or activated Raf expression in IC4-raf cells (Fig. 7C) . In contrast, levels of this mRNA were induced after 5 h of NGF treatment in these cell lines, although to a lower extent in the ts:v-src3 cells (Fig. 7A to  C) . The small magnitude of NGF-mediated gene induction in ts:v-src3 cells reflects a generally lower responsiveness of this cell line to NGF in all differentiation parameters examined (data not shown). A small induction of type II/IIA (less than twofold) was observed after activation of each oncogene ( Fig. 7A to C) . However, at least in GSras2 and IC4-raf cells, this effect was significantly smaller than that observed after 24-h treatment of each cell line with NGF ( Fig. 7B and  C) . NGF treatment of ts:v-src3 cells did not result in any type II/IIA mRNA induction (Fig. 7A) , which may be C VOL. 13, 1993 attributed at least in part to a lower responsiveness of this cell line to NGF.
To determine whether c-Ras activity is required for NGFinduced sodium channel gene expression, we examined sodium channel mRNAs in the 17N-2 cell line. As in parental PC12 cells, levels of both sodium channel type PN1 and type II/IIA mRNAs were increased in 17N-2 cells upon NGF treatment (Fig. 7D) We propose a model for NGF signal transduction which takes into account previous studies on the involvement of proto-oncogenes in NGF-induced neurite outgrowth (30, 58) and present results on specific gene induction events (Fig. 8) (9) , is mediated by signaling pathways emanating from the Trk-containing NGF receptor, which are independent of Src, Ras, and Raf activities. Although we suggest that a linear sequence of proto-oncoprotein activities results in both transcription-dependent neurite growth and the induction of specific genes, such as NGFI-A, VGF, and transin, by NGF, we do not imply any relationship between these gene inductions and neurite outgrowth. Nor is it clear what role gene inductions generated by branchpoints in the pathway may have on promoting neurite outgrowth. However, such relationships are not excluded, because a linear signal transduction pathway which provides branchpoints for parallel processing to achieve a common goal would help ensure important endpoints, such as neurite outgrowth, by providing for both amplification of signals as well as alternative, complementary routes.
The specific stimulation of distinct components of the NGF signal transduction cascade has depended upon the generation of PC12 sublines expressing activated, mutant forms of the proto-oncogene products. Because these proteins can cause PC12 differentiation by themselves, we used inducible systems. The availability of a temperature-sensitive mutant of v-src has allowed us to activate this Src kinase by a subtle manipulation of the cell growth conditions. To activate Ras or Raf, we expressed these oncoproteins from the dexamethasone-inducible MMTV promoter. Although this approach has achieved the required result, it presents two drawbacks. First, the time course of Ras or Raf oncoprotein induction by dexamethasone is slow relative to the rapid activation of the proto-oncoprotein counterparts by NGF; this may explain in part the slower time course of gene inductions, such as for NGFI-A and VGF, seen in response to oncogenic Ras and Raf expression. The second drawback lies in the use of dexamethasone as the oncogene inducer. This steroid has pleiotropic actions on PC12 cells which include antagonistic effects on some NGF gene inductions.
Partial inhibition of NGF induction of the SCG1O gene and a complete inhibition of transin gene induction by dexamethasone have been previously reported (34, 51) and confirmed herein. NGF-induced Thy-1 expression is also partially, but significantly, inhibited by dexamethasone (not shown). The ras oncogene product p21lL1 overcomes the inhibitory effects of dexamethasone of the SCGlO and transin genes, in part perhaps by reducing the number of glucocorticoid receptors (37) . The rafoncogene product also overcomes the inhibitory effect of dexamethasone on transin gene induction (58) . Thus, the inability of oncogenic Ras to induce the Thy-i gene and the inability of oncogenic Raf to induce the Thy-1 or SCGlO gene likely reflects the lack of involvement of these proteins rather than an inhibitory effect of dexamethasone. This conclusion is supported by the differential ability of the constitutively expressed dominant inhibitory Ras p2iN17 in 17N-2 cells to inhibit NGF induction of these genes.
The extent to which activated Src, Ras, and Raf mediate gene expression is cofisistent with the hierarchical nature of signaling observed with respect to neurite growth (30, 58 (58) . This might be explained by the likelihood that oncogenic proteins may not faithfully mimic the activities of their cellular counterparts. Alternatively, these different time courses may well indicate that other pathways act in conjunction with Raf to generate the normal pattern of differentiation. A similar argument may be made for the unusually long time course of transin induction by activated Src, Ras, and Raf oncoproteins. However, in this case, Ras activity was shown to be necessary for the normal time course of induction by NGF, implicating the Ras pathway as an essential component of normal transin induction. Thus, although our data suggest that Src, Ras, and Raf mediate NGF induction of the genes described above, we cannot rule out the possibility that other pathways elicited from the NGF receptor, in addition to the proto-oncogene cascade, also contribute to these effects.
We have not investigated the specific mechanisms by which Src, Ras, and Raf might regulate gene expression. For the genes analyzed in this study, with the exception of the sodium channel genes, it has been reported that the NGFinduced expression is for the most part due to an increase in the rate of transcription (5, 11, 34, 44, 51) . The ability of p21N17 to inhibit the induction of these genes by NGF suggests that p21 c-Ras is involved in transcriptional regulation; however, other mechanisms have not been ruled out. The mechanism of sodium channel gene induction has not yet been determined. Promoter sequences responsive to NGF are present in many of the genes that we have examined in this study (5, 34, 41, 44) . However, specific NGF-inducible elements are only beginning to be defined (see, for example, reference 20). The role of DNA elements in mediating induction of these genes by growth factors or oncoproteins is currently under investigation. Identification of the DNA-binding proteins involved will be of great interest for understanding the mechanisms of NGF action. It is also worth noting that epidermal growth factor stimulates mitogenesis and not differentiation of PC12 cells and stimulates expression of only a subset of the NGF-and oncogeneinduced genes, although epidermal growth factor does stimulate at least Ras and Raf activities in these cells (19, 26) . The apparent paradox presented by these observations has been discussed (6, 26) although not resolved. An understanding of the mechanisms of gene induction may provide a means for elucidating this question.
An important general implication of our findings is the suggestion that diversity in NGF actions could be achieved by parallel processing through branchpoints in a linear signal transduction cascade. The most impressive example may be provided by the NGF-induced expression of sodium channel genes, which underlies the ability to generate sodium-based action potentials; this effect results from signaling pathways which are distinct from those involved in neurite outgrowth (9, 24, 30, 45 ; this study). Likewise, we have shown that the expression of a specific neuronal marker, exemplified by SCG10, can be uncoupled from neurite growth, from sodium channel-based action potentials, from the expression of other neuronal markers such as VGF, from expression of immediate-early genes such as NGFI-A, and from expression of differentiation-associated genes such as Thy-1 and transin. It will be of interest to determine the extent to which diverse neuronal phenotypic characteristics can be differentially regulated through various elements in the NGF signal transduction pathway in different NGF-responsive neurons. This approach may also provide a means for the differential manipulation of neuronal phenotypic characteristics in vivo.
